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Abstract 28 
A present challenge in fire ecology is to optimize management techniques so that ecological 29 
services are maximized and C emissions minimized. Here, we modeled the effects of 30 
different prescribed-burning rotation intervals and wildfires on carbon emissions (present and 31 
future) in British moorlands. Biomass-accumulation curves from four Calluna-dominated 32 
ecosystems along a north-south gradient in Great Britain were calculated and used within a 33 
matrix-model based on Markov Chains to calculate above-ground biomass-loads and annual 34 
C emissions under different prescribed-burning rotation intervals. Additionally, we assessed 35 
the interaction of these parameters with a decreasing wildfire return intervals. We observed 36 
that litter accumulation patterns varied between sites. Northern sites (colder and wetter) 37 
accumulated lower amounts of litter with time than southern sites (hotter and drier). The 38 
accumulation patterns of the living vegetation dominated by Calluna were determined by 39 
site-specific conditions. The optimal prescribed-burning rotation interval for minimizing 40 
annual carbon emissions also differed between sites: the optimal rotation interval for northern 41 
sites was between 30 and 50 years, whereas for southern sites a hump-backed relationship 42 
was found with the optimal interval either between 8 to 10 years or between 30 to 50 years. 43 
Increasing wildfire frequency interacted with prescribed-burning rotation intervals by both 44 
increasing C emissions and modifying the optimum prescribed-burning interval for minimum 45 
C emission. This highlights the importance of studying site-specific biomass accumulation 46 
patterns with respect to environmental conditions for identifying suitable fire-rotation 47 
intervals to minimize C emissions. 48 
 49 
 50 
 51 
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Introduction 52 
The ability to control carbon (C) budgets at both global- and regional-scales is a key step in 53 
tackling anthropogenically-driven climate change [1]. In fire-prone ecosystems, the balance 54 
between C fixed in vegetation and that emitted through burning biomass will determine 55 
whether a particular ecosystem is a net source or sink for C [2-3]. It is well known that at the 56 
global-scale wildfires in fire-prone ecosystems release significant amounts of C annually [4]. 57 
On the other hand, prescribed fire is also a significant C source, but it is commonly used as 58 
management tool for minimizing wildfire hazard, maintaining habitat quality, creating new 59 
agricultural land and stimulating pasture and forest regeneration [5-7]. An obvious, yet 60 
ambitious, challenge for ecologists is, therefore, to optimize prescribed fire management 61 
techniques to maximize provision of required ecological services and minimize C emissions 62 
[6, 8-9]. Whilst C emissions are a global problem, management solutions must be locally-63 
based and dependent on the specific characteristics of each ecosystem [10-12]. The failure to 64 
develop regional management plans, holistically-coordinated with the aim of reducing C 65 
emissions and increasing C fixation will slow efforts for tackling climate change at the global 66 
scale [1, 8].  67 
 Undoubtedly, the potential of a given ecosystem to release C by combustion will, at least 68 
in part, be determined by the amount of available above-ground biomass – i.e. the fuel load 69 
[12-13]. Where there are no constraints on plant productivity, for example by fire or grazing 70 
animals, the above-ground biomass of terrestrial vegetation is determined largely by climate 71 
(temperature and rainfall), but modified locally by soil-type, land management and historic 72 
land use [14-15]. Such gradients of biomass production are clearly defined worldwide, and 73 
embrace scales ranging from local ecosystems to biomes [14, 16]. Indeed, ecosystem 74 
properties that control biomass accumulation, such as net primary productivity and 75 
decomposition rates, are linked closely to climate conditions that vary along both temperature 76 
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and moisture gradients [14, 17-18]. It is, therefore, important to determine the relationship 77 
between biomass-production gradients and C emission patterns. Fire activity at global- and 78 
regional-scales is linked to these gradients [19], and it will provide evidence-based 79 
information to establish reliable policies for minimizing C emissions along the gradients [20]. 80 
 Apart from the available above-ground biomass, fire regime and its fluctuations are 81 
important factors controlling C emissions in any given ecosystem. The fire-return interval, for 82 
example, defines the accumulated amount of biomass burned within a period of time, which 83 
is clearly a function of the ecosystem regeneration capacity through time [7, 12]. Similarly, 84 
fire severity (i.e. the amount of organic matter consumed by fire) [21] is also important in 85 
determining the combustion completeness (CC) in any given fire event. For example, 86 
differences in CC between wildfires and prescribed fires should be expected on average, with 87 
greater amounts being lost under wildfire conditions. Normally, wildfires occur within fire-88 
prone days (i.e., dry and hot conditions), and can produce the devastation of large areas and 89 
high CC; in some cases the fire can burn into the underlying soil organic layers, increasing 90 
the amount of C lost [22]. In contrast, prescribed fires should be only performed under 91 
controlled climatic conditions, so that undesirable escape fires are avoided, and CC should be 92 
much lower [12, 22]. Determining the effects of fire regime variations on C emissions is, 93 
therefore, fundamental to understand C budgeting and to design appropriate management 94 
systems. Increasing our knowledge in this area is crucial because of global climate change; 95 
forecasts for the next few decades predict shifts in wildfire regimes in many fire-prone 96 
ecosystems worldwide through increasing dry, hot summer climates with an obvious 97 
predicted increase in wildfire frequency, area burned and CC [23].  98 
 Excellent examples of fire-prone ecosystems that are traditionally-managed by 99 
prescribed burning are moorlands and heathlands dominated by the dwarf shrub Calluna 100 
vulgaris (L.) Hull (hereafter Calluna). These ecosystems are dominant in many parts of Great 101 
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Britain, but extensive areas are also found throughout northern Europe [24]. In Britain, 102 
prescribed fire has been used for centuries for promoting sheep grazing and red grouse 103 
Lagopus lagopus scoticus (Latham) for sporting purposes [25]. These moorlands are now 104 
also required to provide a range of ecosystem services ranging from biodiversity, the 105 
provision of potable water and C storage [5, 26-27], and there are continuing pressures to 106 
prevent or reduce the use of prescribed burning for moorland management [28].  107 
At present, any reduction in biomass (fuel load) may act to protect these ecosystems against 108 
wildfires by minimising fire likelihood and burn severity. However, this reduction has 109 
reduction been mainly brought as result of management for other activities (e.g., grazing or 110 
hunting).  Over the next century, the role of prescribed burning to reduce fuel loads may be 111 
necessary to mitigate the effects of climate change [28].  112 
 In Great Britain, land managers can apply rotational prescribed burning to moorland 113 
during a defined winter burning season (October to mid-April) within a licensed framework 114 
[29](example for England). Specifically, prescribed burning should only be done when 115 
climatic conditions are optimal for minimizing fire escapes and ecosystem damage. However, 116 
there has been increasing controversy in the last years about the optimal fire rotation interval 117 
[26-27]. The current recommendations in England and Wales are that rotations should be no 118 
less than 10 years [30], whereas in Scotland recommendations are to burn only heather taller 119 
than 20 cm [31]. The actual rotation interval, in contrast, is closer to 20 years in England [32] 120 
and may be as much as 50-100 years in Scotland [33]. In terms of C storage, there is no a 121 
clear management recommendation for Calluna-dominated ecosystems. Some practitioners 122 
suggest that prescribed burning should be halted altogether [34]. Allen et al. [12], on the other 123 
hand, recommended a rotation interval either of short duration (8-12 years) or long duration 124 
(>25 years) for a test moorland in central England, but an avoidance of intermediate 125 
durations.  126 
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 One of the major difficulties in defining generalised management prescriptions is the wide 127 
differences in growth rates and biomass loads within Great Britain [7]. Clearly, any rotation 128 
interval has a potential associated annual carbon loss, which depends on the interaction 129 
between the biomass accumulated between burns and the fire-return interval. It is, therefore, 130 
important to develop site-specific management plans which reflect site biomass accumulation 131 
when developing methods for reducing C emissions. In this assessment, however, it is 132 
essential to take into account all the emissions produced by prescribed burning but also to 133 
account for C emissions from wildfire, which occur sporadically on British moorlands and 134 
take many decades to recover [22]. To investigate this, Allen et al. [12] using a modelling 135 
approach at a single site suggested that by modifying the prescribed-burning rotation interval, 136 
C emissions from potential wildfire could be minimized. Further assessments of the 137 
interaction between prescribed burning rotation interval and wildfire using multiple 138 
contrasting sites are needed for predicting future emissions scenarios, especially as wildfire 139 
frequency is predicted to increase as a consequence of ongoing global climate change [23, 140 
35-36]. 141 
 Here, we assess C emissions resulting from different prescribed-burning rotation intervals 142 
at sites with differing biomass accumulation patterns. We used biomass-load accumulation 143 
data from four Calluna-dominated ecosystems along a north-south gradient in Great Britain. 144 
The matrix-model based on Markov Chains developed in Allen et al. [12] was then used to 145 
predict (i) above-ground biomass-loads, and (ii) annual C emissions; both under different 146 
prescribed-burning rotation intervals. This allowed us to assess the optimal prescribed 147 
burning interval where C loss is minimized, considering that prescribed burning cannot be 148 
halted altogether because it should be used for promoting other ecosystem services (e.g., 149 
promoting biodiversity, grazing and hunting). Additionally, in order to assess the impact of 150 
future climate change scenarios, we assessed the effects of (iii) increasing combustion 151 
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completeness (CC) on its own, and (iv) interactions with a variable wildfire return interval 152 
(every 50, 100 and 200 years). Estimates of peat accumulation or loss were not included in 153 
our models because prescribed burning is mainly performed in winter, when soils are wet or 154 
frozen, and therefore, the impact of this management actions on peat layer are assumed 155 
negligible [5]. Thus, this work was only focused on the assessment of C emissions of the 156 
above-ground biomass loads and its related component fractions (i.e., Calluna and litter). The 157 
outcomes of C emission simulations are fundamental to develop site-specific management 158 
plans for reducing C emissions. At first, we fitted site-specific above-ground biomass 159 
accumulation curves for biomass load comparisons, and then we tested the following 160 
hypotheses relating prescribed burning and wildfires: 161 
- Hypothesis 1: The optimal prescribed-burning rotation interval, (i.e., the point at which 162 
annual C loss is minimized) will be controlled by the different site-specific, above-ground 163 
biomass accumulation patterns.  164 
- Hypothesis 2: When prescribed-burning intervals interact with different wildfire return 165 
intervals, the optimal prescribed-burning rotations where annual C loss is minimized are 166 
altered.  167 
 168 
Methods 169 
Site descriptions 170 
Biomass accumulation was measured in four contrasting heathlands/moorlands dominated by 171 
Calluna vulgaris located on a north to south transect running through Great Britain of ca. 700 172 
km (Fig 1). Kerloch, the most northerly site, is in Kincardineshire, north-east Scotland 173 
(altitude range=140-280 m). Two sites, Moor House and Howden, are located at opposite 174 
ends of the Pennines (Fig 1). Moor House is at the northern end in Cumbria (altitude range = 175 
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600-650 m), whereas Howden is at the southern end in the Peak District National Park, 176 
Derbyshire (altitude range=272-540 m). Finally, biomass data were available from three 177 
southern sites (Hartland Moor, Studland Heath and Morden Bog), which are fairly close 178 
together in Dorset; all at low altitude (≤15 m).  179 
 180 
Fig 1. Locations of the four heath/moorland study sites in Great Britain. Geographic 181 
coordinates for Kerloch: 56º58’N, 2º30’W; Moor House: 54º41’N, 2º24’W; Howden: 182 
53º28’N, 1º42’W; and Dorset: 50º43’N, 2º07’W. 183 
 184 
 In general, the climate is oceanic but there is a considerable gradient from north to south, 185 
also influenced by the altitude. Kerloch is the coldest site with an annual mean temperature of 186 
7.3oC, followed by Moor House (8.1oC), Howden (9oC), and Dorset, the warmest site, with 187 
an annual mean temperature of 10.4oC. Annual rainfall, however, does not follow the 188 
temperature pattern; Moor House experiences the highest precipitation (1314 mm), followed 189 
by Kerloch (1040 mm), Howden (829 mm) and Dorset (800 mm). The four contrasting 190 
moorlands also differed in soil types. The vegetation at both Moor House and Howden is on 191 
Blanket Bog (peat > 50 cm); the underlying bedrock at Moor House comprises a series of 192 
almost horizontal beds of limestone, sandstone and shale [37], whereas at Howden it is a 193 
mixture of mudstone, siltstone and sandstone [38]. Soils at Kerloch, in contrast, are poorly-194 
drained, peaty podzols derived from granite and granitic gneiss [39], whereas Dorset soils are 195 
podzols of low fertility derived from Eocene deposits (Bagshot Sands) [40]. 196 
 Heathlands and moorlands are managed in three ways across this latitudinal gradient: (1) 197 
two of the upland sites (Howden and Kerloch) were managed by rotational prescribed 198 
burning to increase sheep and/or red grouse production. Moor House has been managed 199 
actively in the past, but over the last 60 years only a small-scale experiment designed to test 200 
different burning rotations (and used here) is still burned. In Dorset, the vegetation 201 
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management is such that vegetation is allowed to go through the Calluna four-phase, growth-202 
cycle defined by Watt [41-42], although the cycle is interrupted frequently by wildfire. The 203 
diverse climatic and management conditions combine to produce different plant 204 
communities, albeit all dominated by Calluna. See supplementary materials (S1 appendix) 205 
for a more detailed description of vegetation.  206 
 207 
Biomass assessment: collection and derivation 208 
Experimental treatments performed allowed us to collect space-for-time substitution data on 209 
changes in biomass (litter and Calluna) at each site, encompassing the main growth-phase-210 
cycles of Calluna development (from 2 to 50 years). Data on biomass accumulation at 211 
Kerloch and Dorset was abstracted from previously-published literature (Kerloch: [39]; 212 
Dorset: [43]) where assessments were performed in a co-ordinated way within the 213 
International Biological Program [44]. In contrast, data from Moor House and Howden were 214 
obtained from experimental surveys (Moor House: [7]; Howden: [12]; data available in the 215 
University of Liverpool data catalogue, DOI: 10.17638/datacat.liverpool.ac.uk/58.). A 216 
detailed description of monitoring and surveys carried out in each site are detailed in S1 217 
appendix. 218 
 219 
Statistical fitting of biomass accumulation curves 220 
At Kerloch and Dorset there was an initial increase in both Calluna and litter biomass which 221 
stabilised with time towards an asymptote. Non-linear Gompertz curves[y~ae-be*exp(-cx)] were 222 
fitted to these data by the authors [39, 43]. Following this premise, Gompertz curves were 223 
also fitted here, after testing it was the best fit. At Howden, data showed a linear increase of 224 
Calluna and litter biomass with time, but inspection of residuals and Q-Q plots indicated 225 
heteroscedasticity. Biomass and time data were thus loge transformed in order to meet 226 
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homoscedasticity requirements [12]. In the case of Moor House, Calluna and litter variables 227 
where modelled similarly to Kerloch and Dorset, using Gompertz curves. The models were 228 
fitted using non-linear mixed-effects models to account for spatial pseudo-replications [45]; 229 
time was used as fixed factor and grazing-burning treatments nested within blocks as random 230 
factors. All regression models were fitted within the R Statistical Environment [46]. 231 
 232 
Modelling biomass accumulation and carbon release 233 
The impact of prescribed-burning rotation interval on (i) above-ground biomass and (ii) 234 
annual C released was modelled using the algorithm developed in the R Statistical 235 
Environment [46] by Allen et al. [12], where full details and the code are provided. The 236 
model is based on a Markov Chain or Leslie matrix [47], and the first stage of this model 237 
creates a predicted long-term, stable, age-structure of moorland/heathland vegetation under 238 
varying prescribed-burning rotations. Over time, this model tends towards a stable age 239 
distribution, which can be used to make predictions about the population in the long-term. 240 
For these calculations the model assumes that the first age at which the vegetation can be 241 
subject to prescribed burning is eight years. Here, all rotation intervals ranging from 8 to 50 242 
years were tested, because this is the range over which field data were available for all four 243 
sites. In addition, an asymptotic relationship with little further above-ground fuel-load 244 
accumulation was observed for all but one site (Howden) studied after 25-30 years. The 245 
proportion of total area burned in each step (annual area burned), was calculated as 1/rotation 246 
interval. To achieve this, all areas 8 years and older were burned with probability 1/(rotation 247 
interval – years not burned) [12]. 248 
Once the stable age-structure was created for a given rotation interval, the associated 249 
biomass-load was calculated using the derived regressions relationships through time of 250 
Calluna and litter (described in the previous section; Table 1). For this, a bootstrapping 251 
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procedure was used which multiplied the proportion of moorland in each age-class by a 252 
random draw of the predicted distribution of biomass-load. These calculations were repeated 253 
10,000 times to give the estimated mean and 95% confidence limits. The sum of both 254 
fractions across all age-classes gives the long-term amount of above-ground biomass-load. 255 
Biomass values were calculated in tonnes per hectare (t ha-1). Similarly, the mass of above-256 
ground carbon (Cmass) was estimated by a further bootstrapping procedure multiplying 257 
predicted biomass-load and a random draw of measured carbon concentrations (derived from 258 
a Peak District study: 48.3 ± 0.1% for Calluna and 49.0 ± 0.1% for litter) [12].  259 
 260 
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Table 1. Parameters of the selected models for biomass accumulation patterns through time since the last burning (years). Data from the selected 261 
four sites in Great Britain was modelled independently: (a) Calluna biomass (t ha-1) and (b) litter biomass (t ha-1). 262 
 263 
 
(A) Calluna biomass (B) Litter  
Site Model selected   a b c Model selected   a b c 
Kerloch Gompertz Estimate 22.96 3.22 0.88 Gompertz Estimate 20.65 2.61 0.89 
SE 0.89 0.46 0.01 SE 0.79 0.31 0.01 
t value 25.62 6.97 67.09 t value 26.12 8.21 72.49 
P  <0.001 <0.001 <0.001 P  <0.001 <0.001 <0.001 
Moor 
House 
Gompertz Estimate 7.94 8.07 0.78 Gompertz Estimate 8.90 1.70 0.70 
SE 0.80 3.55 0.04 SE 0.70 10.83 0.90 
t value 10.08 2.28 20.12 t value 12.65 0.16 0.77 
P  <0.001 0.035 <0.001 P  <0.001 0.877 0.045 
Howden Linear [log (y) ~ log 
(x+1)] 
Estimate -0.93 1.15 - Linear [log (y) ~ log 
(x+1)] 
Estimate 3.86 1.1 - 
SE 0.05 0.02 - SE 0.04 0.02 - 
t value -19.98 48.14 - t value 92.61 51.32 - 
P  <0.001 <0.001 - P  <0.001 <0.001 - 
Dorset Gompertz Estimate 20.15 3.58 0.86 Gompertz Estimate 28.38 8.67 0.86 
SE 0.62 0.53 0.01 SE 2.96 6.11 0.04 
t value 32.41 6.75 59.79 t value 9.56 1.42 20.47 
P  <0.001 <0.001 <0.001 P  <0.001 0.173 <0.001 
 264 
 265 
 266 
 267 
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The annual C released by prescribed-burning (ClossPBA) at each rotation interval was then 268 
estimated as the product of the annual area burned (calculated as 1/rotation interval) [12], a 269 
random draw from the Cmass distribution, both for the given rotation interval, and a random 270 
draw from the combustion completeness (CC) distribution (Hypothesis 1). CC used was 271 
calculated from prescribed fires set at Howden data (71.4 ± 2.6% for Calluna and 54.5 ± 272 
2.8% for litter) [12], since similar data were not available for the other sites and site effect in 273 
CC is not expected (i.e., similar vegetation). In addition, in order to assess the effect of 274 
increasing CC in ClossPBA, we ran the model for the different sites with CC values of 20, 40, 275 
60, 80 and 100%. Calculations were performed bootstrapping each CC with a ±5% error. The 276 
100% CC value is extreme but very intense wildfire in similar systems has shown 277 
consumption of the above-ground biomass to be at this level [22]; therefore, its use can give 278 
us an idea of the maximum amount of carbon emissions from above-ground biomass 279 
produced by intense fire events in these systems. 280 
Finally, long-term predictions of the impact of prescribed burning rotations and 281 
superimposed wildfire were calculated over a period of 200 years (ClossPB200), i.e. four cycles 282 
of 50-years (Hypothesis 2). Three different time periods between the superimposed wildfires 283 
were considered (50, 100 or 200 years). Little is known about the wildfire return interval in 284 
Calluna-dominated vegetation in Great Britain, but a study of peat cores on Robinson’s Moss 285 
(Peak District National Park; K. Halsall, personal communication) showed that between 1000 286 
and 3000 years ago wildfires occurred at approximately 125-year intervals [12]. Hence, here 287 
we based our 100 and 200 year fire return intervals to straddle this value. The lower wildfire 288 
return interval (50 years), was included to assess the effects possible interval shortening as a 289 
result of ongoing climate change [48]. We know that wildfire occurrence is stochastic, 290 
however, we superimposed our wildfire return intervals in a deterministic manner in order to 291 
facilitate comparisons between them and with ordinary deterministic prescribed burning 292 
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rotations. Here, the model was run initially from post-wildfire conditions, i.e. all vegetation 293 
was burned and started in age-class 1(100% of area modelled). Carbon lost in prescribed fires 294 
was summed over the time period between wildfires for each rotation interval and added to 295 
the predicted value of total carbon mass per hectare (Cmass). Use of Cmass to represent carbon 296 
loss in a wildfire assumed maximum biomass-load consumption, i.e. that CC was 100% of all 297 
age-classes (including<8 years) [12]. Finally, we also calculated C emissions produced by 298 
different wildfire return intervals in the absence of prescribed burning. For this, the C amount 299 
after 50 years in the absence of fire was multiplied by the number of fires in 200 years; i.e., 300 
four times in a 50 year wildfire return interval, twice in a 100 years return interval, and once 301 
in a 200 year return interval. 302 
 303 
Results 304 
The above-ground biomass accumulation patterns  305 
Above-ground biomass accumulation patterns through time since last burn differed between 306 
sites (Fig 2a). These differences, however, were not ordered along the north-south gradient. 307 
Moor House, one of the sites with colder temperatures and higher precipitation, had the 308 
lowest Calluna biomass values, and grew slowly until it reached 20 years after fire with an 309 
asymptote around 8 t ha-1. Surprisingly, the two sites at the extremes of the climatic gradient 310 
(Kerloch and Dorset) showed intermediate and similar accumulations; growth occurred over 311 
the first 20 years until an asymptote around 20 t ha-1was achieved approximately 25 years 312 
after fire. These two sites were also those that regenerated more quickly and reached the 313 
greatest biomass values quicker after fire. Calluna biomass at Howden, the site ranked as the 314 
second warmest and driest (after Dorset) had the greatest biomass, increasing linearly until 315 
ca. 35 t ha-1was measured 50 years after fire.  316 
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Fig 2. Biomass accumulation curves (solid lines) for the above-ground biomass of (a) 317 
Calluna and (b) litter depending on the elapsed time since the last burn and for different sites 318 
in Great Britain. Dotted lines indicate the standard deviations of the curves.  319 
 320 
 Accumulation patterns for litter also differed between sites (Fig 2b). Although Calluna 321 
accumulation data for Kerloch and Dorset were similar, litter showed different responses. 322 
Litter accumulated faster at Kerloch in the first few years towards an asymptote at 323 
approximately 20 years, whereas in Dorset, litter accumulation followed a clear sigmoidal 324 
curve with an early lag-phase (0-10 years), and a phase of rapid increase (10-30 years) before 325 
reaching an asymptote around 30 years. The asymptotes for these sites were also different; 326 
Dorset reached 29 t ha-1 compared to 20 t ha-1 at Kerloch. At Howden litter increased linearly 327 
until ca. 35 t ha-1was accumulated 50 years after fire. At Moor House litter accumulated 328 
quickly in the first ten years but then reached an asymptote of ca. 9 t ha-1, and was the site 329 
with the lowest litter asymptote (Fig. 2b).  330 
 Modelling simulations derived from the stable age structure for each prescribed burning 331 
interval showed that, the predicted above-ground biomass (and associated Cmass) increased for 332 
both Calluna and litter with the prescribed burning interval for all sites (Fig 3). As expected, 333 
the greatest biomass loads were found in the sites with the largest biomass accumulation 334 
rates; i.e. Howden, followed by Dorset and Kerloch, and Moor House with the lowest value 335 
(Fig 3b).  336 
 337 
Fig 3. Predicted long-term modelled above-ground biomass load and carbon mass of (a) 338 
Calluna and (b) litter for four different sites in Great Britain under various rotation intervals. 339 
Mean values (solid lines) and 95% confidence limits (dotted lines) from 10,000 bootstrapped 340 
values are shown.  341 
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Hypothesis 1: the optimal prescribed-burning rotation interval 342 
will be controlled by the different site-induced patterns of fuel 343 
accumulation. 344 
The annual carbon lost through prescribed burning (ClossPBA) was highly variable depending 345 
on the site studied (ranging from 0.1 to 0.55 t ha-1, Fig 4). Two clear patterns were also 346 
detected depending on the climatic conditions of sites. At the sites with the lowest 347 
temperatures and highest precipitation (Kerloch and Moor House), short rotation intervals of 348 
ca. 8-10 years maximized carbon emissions. In contrast, the warmer and drier sites (Dorset 349 
and Howden) demonstrated a hump-shaped response with the highest C emissions at 350 
intermediate rotation intervals. Emissions were maximized in Dorset at ca. 15 year intervals, 351 
whereas Howden showed a less pronounced hump-shaped curve with a maximum loss at 15-352 
25 year intervals. Carbon lost was therefore minimized at long rotation intervals (30-50 353 
years) for all sites, but for Howden and Dorset short prescribed-burning rotation intervals (8-354 
10) can also minimize C emissions. As expected, higher combustion completeness (CC) 355 
increased the carbon annual loss (ClossPBA), especially for sites with faster regeneration after 356 
fire (Kerloch and Dorset; Fig 5). 357 
 358 
Fig 4. Modelled annual carbon loss due to prescribed burns (ClossPBA) for four different sites 359 
across Great Britain under varying rotation intervals. 360 
 361 
Fig 5. Modelled annual carbon loss at different prescribed burns rotation intervals for four 362 
different sites across Great Britain under varying combustion completeness (CC) scenarios. 363 
 364 
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Hypothesis 2: Wildfire interaction with prescribed-burning 365 
rotation interval and its effect on C emissions. 366 
The impact of superimposed wildfires over the prescribed-burning rotations showed that 367 
increasing the wildfire frequency increased the carbon loss (ClossPB200), at all sites (Fig. 6). 368 
Moreover, at the two sites with warmer and drier conditions (Howden and Dorset), wildfire 369 
frequency also modified the range of prescribed-burning rotation intervals at which C loss 370 
was minimized. At Howden, C loss at a 200-year wildfire return interval was minimized with 371 
prescribed burnings at short- and long-rotation intervals (8 and 50 years), and greatest 372 
emissions were at intermediate rotations (15-25 years). However, shorter wildfire return 373 
intervals (50 and 100 years) changed this pattern incrementally. At the 50-year wildfire return 374 
interval, C loss increased considerably with lengthening prescribed-burning rotation intervals, 375 
the 100 year wildfire return interval produced an intermediate response (Fig 6); at both return 376 
intervals the lowest emissions were predicted at an 8 year prescribed burning rotation 377 
frequency (Fig 6). In Dorset, C loss at a 200-year wildfire return interval was also minimized 378 
with prescribed burnings at short- and long-rotation intervals (8 and 50 years), with 379 
maximized emissions at intermediate rotations (13-16 years). The predicted pattern was, 380 
however, modified at both 100 and 50-year wildfire return intervals. At the 100-year wildfire 381 
return interval, prescribed burning at short- and long-rotation intervals (8 and 50 years) 382 
minimized C emissions, and emissions were greatest at prescribed burning rotation intervals 383 
between 12 and 22 years. The 50-year wildfire return interval increased C loss at long 384 
prescribed-burning intervals, reaching an asymptote of maximized emissions at prescribed-385 
burning intervals between 15 and 20 years (Fig 6). 386 
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Fig 6. Modelled carbon loss for four sites across Great Britain over a 200-year period with 387 
respect to prescribed-burning rotation interval and subjected to an additional wildfire at 50-388 
year, 100-year and 200-year return intervals.  389 
 390 
 Emissions at different wildfire return intervals in the absence of prescribed burning had 391 
considerable lower values (Table 2). Emissions were between one and four times lower for 392 
50 year wildfire return interval, between 2 and 7 times lower for 100 year return interval, and 393 
between 4 and 14 times lower for 200 year return interval.  394 
Table 2. C emissions over 200 years (ClossPB200) at different wildfire return intervals in the 395 
absence of prescribed burning (t ha-1). 396 
Site 
Wildfire return interval 
50 years 100 years 200 years 
Kerloch 54 27 13 
Moorhouse 20 10 5 
Howden 90 45 23 
Dorset 58 29 15 
 397 
 398 
Discussion 399 
The site-induced biomass accumulation patterns  400 
Above-ground Calluna biomass accumulation patterns differed between sites as expected, but 401 
surprisingly they did not increase along the north to south climatic gradient. It seems that site 402 
specific factors, such as soil-type and management, are also important drivers of above-403 
ground biomass patterns. Here, three different responses can be outlined. First, Moor House, 404 
with its low mean temperature (8.1ºC), highest rainfall (1314 mm) and highest altitude ca. 405 
650 m experienced the lowest above-ground biomass accumulation. It appears that the Moor 406 
House climate and altitude interact to limit Calluna biomass accumulation [7]. Second, 407 
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Kerloch and Dorset, being the most northern and southern sites respectively, with the lowest 408 
and warmest mean temperatures respectively (7.3 and 10.4ºC), with contrasting rainfall 409 
patterns (1040 and 800 mm), experienced similar and intermediate Calluna accumulation 410 
rates. The low above-ground biomass production in Dorset has been already attributed to 411 
their very low soil fertility [49]. In contrast, it seems that the relative climatic harshness of 412 
Kerloch is mainly responsible for the reduced Calluna biomass accumulation there [39]. 413 
Finally, the central site of Howden, with intermediate temperatures and rainfall (9ºC and 829 414 
mm), experienced the largest accumulation after 50 years without fire. It is well known that 415 
warmer sites experience conditions for growing more vigorous above ground biomass and 416 
reach higher amounts of biomass accumulation at longer times since fire. Moreover, Howden, 417 
unlike all other sites is surrounded by large industrial conurbations and the area is well 418 
known to be affected by past and current industrial pollution including nitrogen deposition 419 
[50]. Here, therefore, growth responses could be expected to be enhanced artificially by 420 
nitrogen deposition. For example, Howden has the higher nitrogen deposition (29.96 kg N ha 421 
-1 yr-1), whereas the other sites have lower and similar values (20.3 for Kerloch, 19.88 for 422 
Dorset and 19.46 kg N ha -1 yr-1for Moor House; data extracted from www.apis.ac.uk) [51]. 423 
In addition, Howden is by far the one that more exceeds the annual critical load (CL) of 424 
nitrogen deposition; Howden and Moor House are considered blanket bog systems with CL 425 
of 5-10  kg N ha -1 yr-1, while Kerloch and Dorset were considered heaths with CL of 10-20  426 
kg N ha -1 yr-1. In any case, previous research has suggested a climate-induced biomass 427 
gradient in British Calluna-dominated ecosystems [18, 49], where annual production is 428 
enhanced by high levels of summer sunshine and temperature, and reduced by the number of 429 
frost days in the previous winter [17-18]. Our results indicate that though climate is important 430 
in determining Calluna biomass accumulation, it is not necessarily an over-riding, universal 431 
explanatory factor at all sites, and other site-specific factors such as soil fertility, pollutant 432 
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load, management and altitude (e.g., Moor House) [7] can significantly alter above-ground 433 
biomass accumulation patterns. Such site-specific constraints must be considered in future 434 
when developing site-specific and national-scale management strategies. 435 
Interestingly, litter accumulation patterns appeared to follow a North-to-South gradient. 436 
Kerloch and Moor House experienced the highest accumulations in the first years after fire, 437 
but with the passage of time, accumulated litter reached an asymptote much lower than 438 
southern warmer sites (Howden and Dorset). It is well known that colder and wetter sites can 439 
accumulate higher levels of litter in the first stages after fire because the low intensity of fires 440 
(cool burns) reduce combustion completeness [5], and low decomposition rates. In addition, 441 
cold winters can freeze and increase the dieback of many Calluna leaves, even before 442 
reaching senescent states, and increasing subsequently litter accumulation [52]. The linkage 443 
between above ground biomass and litter accumulated in this study, with very good 444 
relationship between them (P<0.001, r2=0.81), may explain the higher accumulation of litter 445 
at longer times in warmer sites; i.e., places with higher above-ground biomass accumulation 446 
produce more litter through time.  447 
 Similarly, patterns of biomass accumulation depending on prescribed-burning rotation 448 
interval also varied between sites. As expected, long prescribed-burning rotation intervals 449 
increased biomass accumulation. These results suggest that a key point in determining the 450 
minimum prescribed burning rotation interval that maximizes biomass accumulation is the 451 
age at which above-ground biomass reaches its asymptote. It was observed that the later the 452 
time taken to reach the asymptote, the longer the prescribed-burning rotation interval. Here, 453 
the Calluna biomass asymptote for all sites (except Howden) was reached between 20-30 454 
years since the last burn, suggesting that fire-return intervals should be at least as great as the 455 
Calluna accumulation asymptote (more than 20 years) [7]. However, in the case of Howden, 456 
its biomass increased progressively with time since the last burn, and consequently the 457 
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biomass accumulation depending on the fire rotation interval also followed the same pattern. 458 
In any case, these results highlight the importance of studying the biomass accumulation 459 
patterns at the individual moorland scale, taking account of site-specific environmental 460 
conditions. This will help identify appropriate site-specific fire-rotation intervals, which is 461 
fundamental for designing holistic site-specific management plans designed to minimize C 462 
loss.  463 
 464 
Hypothesis 1: Annual carbon loss produced by prescribed 465 
burning in a particular rotation interval is linked to the pattern of 466 
fuel accumulation.  467 
Annual carbon loss as function of the prescribed fire rotation interval was also variable 468 
depending on biomass accumulation patterns. The colder sites (Kerloch and Moor House), 469 
with greater biomass accumulation in the first years (especially litter), experienced greatest 470 
annual emissions at short rotation intervals (ca. 8-10 years). In contrast, warmer sites (Dorset 471 
and Howden) demonstrated a hump-back relationship with largest C emissions at 472 
intermediate rotation intervals (ca. 15-25 years), and lowest emissions at short- and long- 473 
rotation intervals (Fig. 4).  474 
 C emission behaviour changed with respect to prescribed burning rotation interval across a 475 
considerable part of the north-to-south gradient indicating the difficulties of managing sites 476 
using simple prescriptions [7, 12]. The same prescribed burning rotation interval may 477 
maximize C emission at one site, but be optimal in reducing emissions in another; for 478 
example a 10-year rotation interval at Moor House will produce high emissions, but will be 479 
optimal to minimize emissions at Howden. This conclusion, therefore, highlights the need for 480 
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a detailed understanding of biomass accumulation dynamics at the site level to refine burning 481 
plans in terms of reducing C emissions. In addition, it is worth noting that the amount of 482 
maximum C emitted annually was variable between sites, ranging from 0.38 to 0.53 t ha -1. In 483 
this case, higher emission amounts corresponded to sites with fast regeneration immediately 484 
after fire (Kerloch and Dorset). Surprisingly, the maximum biomass accumulation reached 485 
after a long period without fire seemed unimportant.  486 
 Finally, as expected, modelling the impact of changing CC during prescribed burning 487 
increased significantly the annual C emitted; reaching a maximum value of 0.85 t ha -1 (CC of 488 
100% at Kerloch with a 10 year rotation interval).This is an increase of between 60 and 123% 489 
over our standard model conditions. The greatest increase in C emissions through simulating 490 
a higher CC was found in those sites with fastest regeneration after fire (Kerloch and Dorset) 491 
and in short prescribed burning rotation intervals (10 years). The implications of these results 492 
are worrying because any small increase in CC can increase C emissions, and increased CC is 493 
likely under conditions of global warming if prescribed burning has to be done in drier, 494 
warmer weather.  495 
Hypothesis 2: Different wildfire return interval modifies the 496 
optimum prescribed burning rotation for reducing annual C loss. 497 
Until now we have discussed the relevance of prescribed burning in biomass accumulation 498 
and C emitted to the atmosphere. However, it is worth noting that prescribed burning is not 499 
the only type of fire in British ecosystems, and wildfires produced by accident and arson 500 
occur in spring and summer [52-53]. These wildfires can be very severe and burn significant 501 
amounts of above-ground biomass [22]. It is important, therefore, to consider the effects of 502 
wildfire superimposed on impacts of prescribed burning when modelling C emissions in 503 
future scenarios. Here, we predicted that wildfire would interact with prescribed-burning 504 
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rotation intervals by both increasing C emissions and modifying the optimum prescribed-505 
burning interval where C emission are minimized. This interaction was also affected by site-506 
specific characteristics and the wildfire return interval. For example, in colder sites, shorter 507 
wildfire return intervals (50- and 100-year) only increased carbon emissions. In warmer sites 508 
(Howden and Dorset), shorter wildfire return intervals increased C emissions, but also 509 
affected the prescribed-burning rotation interval where C emissions were minimized (Table 510 
3). In Howden and Dorset, for example, whereas at 200-year wildfire interval, long 511 
prescribed-burning rotation intervals (ca. 50 years) minimized C emissions, 50-years wildfire 512 
return intervals maximized C emissions at long prescribed fire rotation intervals.  513 
Table 3. Optimal prescribed burning rotation interval where C emissions over 200 years 514 
(ClossPB200) are minimized. These optimal rotation intervals are calculated including the 515 
incidence of wildfires at three different return intervals 50, 100 and 200 years.  516 
 517 
Wildfire return 
interval Site 
Optimal prescribed 
burning rotation 
interval (years) 
ClossPB200 
(t ha-1) 
50 years Kerloch 50 103 
Moor House 50 48 
Howden 8 75 
Dorset 8 85 
100 years Kerloch 50 70 
Moor House 50 33 
Howden 8 72 
Dorset 8 and 50 81 and 75 
200 years Kerloch 50 57 
Moor House 50 26 
Howden 8 and 50 71 and 72 
Dorset 8 and 50 79 and 62 
 518 
 519 
 These results, therefore, highlight the uncertainty in establishing fixed prescribed burning 520 
rotation intervals at the present time, never mind projecting forward to account for future 521 
climate change scenarios or changing wildfire frequency. At present, little is known about the 522 
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present occurrence of wildfires in Great Britain, but future predictions suggest that these 523 
return intervals will be shortened by drier and warmer summers predicted for the future [23, 524 
35-36]. Further studies are sorely needed to assess credible future wildfire regime, because it 525 
is a key factor required to design suitable management plans to reduce C emissions in fire-526 
prone ecosystems such as heathlands and moorlands. In addition, the interaction of different 527 
wildfire severities with prescribed burning should be included. 528 
 529 
Management implications 530 
Our results provide information to guide policies for the future sustainable management of 531 
British and similar European heaths and moors in terms of C budgets. However it is worth 532 
noting that recommendations derived here only consider above-ground C balance, impacts on 533 
peat and other ecosystem services are not considered. For example, short-rotation prescribed 534 
burning programs can promote biodiversity [5, 27]. Moreover, policies must consider wildfire 535 
risk and whether prescribed burning has a part to play; i.e., prescribed burning can help to 536 
protect against future wildfires by minimising fire likelihood and burn severity.  537 
 As noted above, prescribed burning of moorland vegetation is a cultural management 538 
practice in Great Britain. The results from this study therefore apply at present just to a 539 
limited subset of current vegetation within in the boreal region. However, the modelling 540 
approach used and the principles derived and from this study have direct relevance for 541 
informing future management of dwarf-shrub vegetation elsewhere in the boreal region. For 542 
example, it is predicted that global climate change will produce warmer and drier summers in 543 
northern latitudes, and this may result in increased wildfires [36]. In this regard, wildfire 544 
extent can be substantive in the boreal region; between 1990 and 1992 for example, large 545 
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wildfires in Alaska affected 2×106 ha of boreal forests, with many burns occurring over more 546 
than 20 000 ha [54]. As a consequence, prescribed burning may be one technique that can be 547 
used to minimize damage in protected areas and around human settlements [36], therefore 548 
producing scientifically sound management prescriptions based in a clear approach such has 549 
been done in this work is fundamental [27].  550 
 Irrespective, any policy must take into account site-specific characteristics of biomass 551 
production, in this sense, sites with cold and wet conditions, long prescribed-burning rotation 552 
intervals (ca. every 30-50 years) were optimal for reducing C emissions. In contrast, warmer 553 
and drier sites, both short- (ca. every 8-10 years) and long- (ca. every 30-50 years) rotation 554 
intervals were optimal for reducing C emissions; intermediate prescribed burning rotation 555 
intervals should be avoided. At the same time, further effort for reducing or increasing 556 
prescribed-burning intervals may be needed for mitigate C emissions in some places of 557 
England, since the average prescribed-burning rotation interval is at intermediate values and 558 
close to 20 years [32]. In contrast, the present management in Scotland may be optimal in 559 
terms C budgets, since the average rotation interval is longer, 50-100 years [33]. The 560 
management planning for future in British moorlands should also take into account long-term 561 
predictions since climate change will increase wildfire frequency [36] and this may 562 
exacerbate carbon emissions. If scenarios of warmer and drier conditions occur prescribed 563 
burning may only minimize carbon loss if it is applied at short intervals (ca. every 8-10 564 
years). In addition, it should be taken into account that in future scenarios of climate change 565 
the biomass accumulation patterns will affected by warming. Possible increases in biomass 566 
production brought about by warmer, drier conditions should be included in future 567 
management plans as it will probably affect C emissions.  568 
 569 
26 
 
 570 
Acknowledgements 571 
This work would not have been possible without the foresight and persistence of staff of the 572 
Nature Conservancy and its successor bodies, and the UK Environmental Change Network 573 
(Centre for Ecology & Hydrology). We also thank the three anonymous referees whose 574 
suggestions greatly improved a previous draft.  575 
 576 
 577 
  578 
27 
 
Supporting information 579 
S1 appendix. Detailed description of plant communities and biomass assessment of study sites. 580 
581 
28 
 
References 582 
1. Schimel D, Baker D. Carbon cycle: the wildfire factor. Nature. 2002; 420: 29-30. 583 
2. Schimel DS, House JI, Hibbard KA, Bousquet P, Ciais P, Peylin P et al. Recent 584 
patterns and mechanisms of carbon exchange by terrestrial ecosystems. Nature. 585 
2001; 414: 169-172. 586 
3. Pan Y, Birdsey RA, Fang J, Houghton R, Kauppi PE, Kurz WA et al. A large and 587 
persistent carbon sink in the world’s forests. Science. 2011; 333: 988-993. 588 
4. van der Werf GR, Randerson JT, Giglio L, Collatz GJ, Mu M, Kasibhatla PS et al. 589 
Global fire emissions and the contribution of deforestation, savanna, forest, 590 
agricultural, and peat fires (1997–2009). Atmos Chem Phys. 2010; 10: 11707-11735. 591 
5. Harris MPK, Allen KA, McAllister HA, Eyre G, Le Duc MG, Marrs RH. Factors 592 
affecting moorland plant communities and component species in relation to prescribed 593 
burning. J App Ecol. 2011; 48: 1411-1421. 594 
6. Bradstock RA, Boer MM, Cary GJ, Price OF, Williams RJ, Barrett D et al. Modelling 595 
the potential for prescribed burning to mitigate carbon emissions from wildfires in 596 
fire-prone forests of Australia. Int J Wildland Fire. 2012; 21: 629-639. 597 
7. Alday JG, Santana VM, Lee H, Allen KA, Marrs RH. Above-ground biomass 598 
accumulation patterns in moorlands after prescribed burning and low-intensity 599 
grazing. Perspect Plant Ecol Evol Syst. 2015; 17: 388-396. 600 
8. Bowman DMJS, Balch JK, Artaxo P, Bond WJ, Carlson JM, Cochrane MA et al. Fire 601 
in the Earth system. Science. 2009; 324: 481-484. 602 
9. Fernandes PM, Davies GM, Ascoli D, Fernandez C, Moreira F, Rigolot E et al. 603 
Prescribed burning in southern Europe: developing fire management in a dynamic 604 
landscape. Front Ecol Environ. 2013; 11: e4-e14. 605 
29 
 
10. Galford GL, Melillo JM, Kicklighter DW, Cronin TW, Cerri CE, Mustard JF et al. 606 
Greenhouse gas emissions from alternative futures of deforestation and agricultural 607 
management in the southern Amazon. PNAS. 2010; 107: 19649-19654. 608 
11. Post WM, Izaurralde RC, West TO, Liebig MA, King AW. Management 609 
opportunities for enhancing terrestrial carbon dioxide sinks.Front Ecol Environ. 610 
2012; 10: 554-561. 611 
12. Allen KA, Harris MPK, Marrs RH. Matrix modelling of prescribed burning in 612 
Calluna vulgaris‐dominated moorland: short burning rotations minimize carbon loss 613 
at increased wildfire frequencies. J App Ecol. 2013; 50: 614-624. 614 
13. Collins L, Penman TD, Price OF, Bradstock RA. Adding fuel to the fire? 615 
Revegetation influences wildfire size and intensity.J Environ Manage. 2015; 150: 616 
196-205. 617 
14. Bond WJ, Keeley JE. Fire as a global ‘herbivore’: the ecology and evolution of 618 
flammable ecosystems. Trends Ecol Evol. 2005; 20: 387-394. 619 
15. Eriksson O, Cousins SAO, Bruun HH. Land-use history and fragmentation of 620 
traditionally-managed grasslands in Scandinavia. J Veg Sci. 2002; 13: 743–748. 621 
16. Holdridge LR. Determination of world plant formation from simple climate data. 622 
Science. 1947; 105: 367-368. 623 
17. Palmer SCF. Prediction of the shoot production of heather under grazing in the 624 
uplands of Great Britain. Grass Forage Sci. 1997; 52: 408-424. 625 
18. Milne JA, Pakeman RJ, Kirkham FW, Jones IP, Hossell JE. Biomass production of 626 
upland vegetation types in England and Wales. Grass Forage Sci. 2002; 57: 373-388. 627 
19. Pausas JG, Ribeiro E. The global fire–productivity relationship. Global Ecol 628 
Biogeogr. 2013; 22: 728-736. 629 
30 
 
20. Stewart GB, Coles CF, Pullin AS. Applying evidence-based practice in conservation 630 
management: lessons from the first systematic review and dissemination 631 
projects. Biol Conserv. 2005; 126: 270-278. 632 
21. Keeley JE. Fire intensity, fire severity and burn severity: A brief review and 633 
suggested usage. Int J Wildland Fire. 2009; 18: 116-126 634 
22. Maltby E, Legg CJ, Proctor MCF. The ecology of severe moorland fire on the North 635 
York Moors: effects of the 1976 fires, and subsequent surface and vegetation 636 
development. J Ecol. 1990; 78: 490-518. 637 
23. Krawchuk MA, Moritz MA, Parisien M-A, Van Dorn J, Hayhoe K. Global 638 
pyrogeography: the current and future distribution of wildfire. PLoS One. 2009; 4: 639 
e5102. 640 
24. Vandvik V, Heegaard E, Måren IE, Aarrestad PA. Managing heterogeneity: The 641 
importance of grazing and environmental variation on post-fire succession in 642 
heathlands. J App Ecol. 2005; 42: 139-149. 643 
25. Gimingham CH. Ecology of Heathlands. London: Chapman and Hall; 1972. 644 
26. Bain CG, Bonn A, Stoneman R, Chapman S, Coupar A, Evans M et al. IUCN 645 
UK Commission of Inquiry on Peatlands. Edinburgh: IUCN UK Peatland 646 
Programme; 2011. 647 
27. Lee H, Alday JG, Rose RJ, O’Reilly J, Marrs RH. Long-term effects of rotational 648 
prescribed-burning and low-intensity sheep-grazing on blanket-bog plant 649 
communities. J App Ecol. 2013; 50: 625-635. 650 
28. Douglas DJT, Buchanan GM, Thompson P, Amar A, Fielding DA, Redpath SM, 651 
Wilson JD. Vegetation burning for game management in the UK uplands is increasing 652 
and overlaps spatially with soil carbon and protected areas. Biol. Cons. 2015; 191: 653 
243-250. 654 
31 
 
29. Anon. Environmental management – guidance. Heather and grass burning: rules and 655 
applying for a licence. 2014. Available: https://www.gov.uk/heather-and-grass-656 
burning-apply-for-a-licence. Accessed 22 May 2015. 657 
30. Natural England. The Heather and Grass Burning code. 2007. Available: 658 
http://publications.naturalengland.org.uk/publication/4719598414856192. Accessed 659 
23 March 2015. 660 
31. Scottish Government. The Muirburn Code. 2011. Available: 661 
http://www.gov.scot/Publications/2011/08/09125203/0. Accessed 23 March 2015. 662 
32. Yallop AR, Thacker JI, Thomas G, Stephens M, Clutterbuck B, Brewer T et al. The 663 
extent and intensity of management burning in the English uplands. J App Ecol. 2006; 664 
43: 1138-1148. 665 
33. Hester AJ, Sydes C. Changes in burning of Scottish heather moorland since the 1940s 666 
from aerial photographs. Biol Conserv. 1992; 60: 25-30. 667 
34. Tucker GT. Review of the impacts of heather and grassland burning in the uplands on 668 
soils, hydrology and biodiversity. English Nature Research Report No. 55. 669 
Peterborough: Natural England; 2003. 670 
35. Jenkins GJ, Murphy JM, Sexton DMH, Lowe JA, Jones P, Kilsby CG. UK Climate 671 
Projections: Briefing Report. Exeter: Met Office Hadley Centre; 2009.  672 
36. Albertson K, Aylen J, Cavan G, McMorrow J. Climate change and the future 673 
occurrence of moorland wildfires in the Peak District of the UK. Clim Res. 2011; 45: 674 
105-118. 675 
37. Heal OW, Smith RAH. Introduction and site description. In: Heal OW, Perkins DF, 676 
editors. Production ecology of British moors and montane grasslands. Berlin: 677 
Springer; 1978. pp. 3-16. 678 
32 
 
38. Rosenburgh A, Alday JG, Harris MPK, Allen KA, Connor L, Blackbird S et al. 679 
Changes in peat chemical properties during post-fire succession on blanket bog 680 
moorland. Geoderma. 2013; 211-212: 98-106. 681 
39. Miller GR. Quantity and quality of the annual production of shoots and flowers by 682 
Calluna vulgaris in north-east Scotland. J Ecol. 1979; 67: 109-129. 683 
40. Chapman SB. Nutrient budgets for a dry heath ecosystem in the south of England. J 684 
Ecol. 1967; 55: 677-89.  685 
41. Watt AS. Pattern and process in the plant community. J Ecol. 1947; 35: 1-22 686 
42. Watt AS. Bracken versus heather: a study in plant sociology. J Ecol. 1955; 43: 490-687 
506. 688 
43. Chapman SB, Hibble J, Rafarel CR. Litter accumulation under Calluna vulgaris on a 689 
lowland heathland in Britain. J Ecol. 1975; 63: 259-271. 690 
44. Heal OW, Perkins DF. Production ecology of British moors and montane grasslands. 691 
Berlin: Springer; 1978. 692 
45. Pinheiro JC, Bates DM. Mixed effects models in S and S-PLUS. New York: Springer; 693 
2000. 694 
46. R Core Team. 2013. R: A language and environment for statistical computing. 695 
Vienna: R Foundation for Statistical Computing. 2013. Available: 696 
http://www.R-project.org/. 697 
47. Leslie PH. On the use of matrices in certain population mathematics. Biometrika. 698 
1945; 35: 183-212. 699 
48. Davies GM, Kettridge N, Stoof CR, Gray A, Ascoli D, Fernandes PM, Marrs RH, 700 
Allen KA, Doerr SH, Clay GD, McMorrow J, Vandvik V. The role of fire in UK 701 
peatland and moorland management: the need for informed, unbiased debate. Phil. 702 
Trans. R. Soc. B. 2016; 371: 20150342 703 
33 
 
49. Chapman SB, Clarke RT. Some relationships between soil, climate, standing crop and 704 
organic matter accumulation within a range of Calluna heathlands in Britain. B Ecol. 705 
1980; 11: 221-232. 706 
50. Caporn SJM, Emmett BA. Threats from air pollution and climate change on upland 707 
systems - past, present & future. In: Bonn A, Allott T, Hubacek K, Stewart J., editors. 708 
Drivers of Environmental Change in Uplands. Abingdon: Routledge; 2009. pp. 34-58. 709 
51. Bealey WJ, Sheppard LJ, Malcolm H, Cape JN, Davison A, Carvalho L et al. 710 
Development of The UK Air Pollution Information System (APIS). Contract 711 
report to the JNCC (No. F90-01-538). Wallingford: Centre for Ecology & 712 
Hydrology. 2003. Available: http://www.apis.ac.uk. Accessed 22 March 2016. 713 
52. Davies GM, Legg CJ. Developing a live fuel moisture model for moorland fire danger 714 
rating. In: de las Heras J, Brebbia CA, Viegas DX, editors. Forest fires: modeling, 715 
monitoring and management of forest fires. Southampton: WIT Transactions on the 716 
Environment, vol. 119, WIT Press; 2008. pp. 225-236.  717 
53. Albertson K, Aylen J, Cavan G, McMorrow J. Forecasting the outbreak of moorland 718 
wildfires in the English Peak District. J Env Manage. 2009; 90: 2642-2651. 719 
54. Kasischke ES, French NHF. Locating and estimating the areal extent of wildfires in 720 
Alaskan boreal forests using multiple-season AVHRR NDVI composite data. Remote 721 
Sens. Environ. 1995; 51: 263-275. 722 
 723 
 724 
 725 
 726 
 727 
 728 
34 
 
FIGURES. 729 
 730 
 731 
Figure 1 732 
35 
 
 733 
Figure 2. 734 
 735 
36 
 
 736 
Figure 3 737 
 738 
37 
 
 739 
Figure 4 740 
 741 
38 
 
 742 
Figure 5 743 
 744 
39 
 
 745 
Figure 6 746 
